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The apparent proton affinities (PA) of various charge states of three highly basic peptides
[(KAP)10, (KAP)8, (KAA)8] were measured by the “bracketing” method. For all three peptides
the apparent PA decreases as the charge state increases and the magnitude of the decrease is
consistent with an increase in coulombic repulsion in the highly protonated species. Based on
a simple electrostatic model, theoretical PAs were predicted for each charge state and the
values for (KAP)10 and (KAP)8 were within 10 kcal/mol of the experimental values. The
maximum charge state of these peptides was observed in all cases even when the most
volatile solvent was sufficiently basic to deprotonate that charge state in the gas phase. In
solution (KAP)8 exhibits a random coil secondary structure while (KAA)8 exhibits an a-helix
structure. Comparison of measured and calculated apparent PAs suggests that (KAP)8 retains
its solution random coil structure in the gas phase and (KAA)8 retains the solution compact
a-helix structure in the lower charge states but opens up to a b structure in the gas phase to
minimize electrostatic repulsions in higher charge states. (J Am Soc Mass Spectrom 1999, 10,
483–491) © 1999 American Society for Mass Spectrometry
In addition to providing means to determine accu-rate masses and sequence information on biopoly-mers, electrospray ionization mass spectrometry
(ESI-MS) provides opportunities to study the gas-phase
characteristics of biomolecules such as higher order
structure and reactivity. Among the procedures used to
study these gas-phase properties are examination of
proton transfer reactions [1–10], hydrogen/deuterium
exchange [9, 11], and collision-induced dissociation [9,
12, 13] reactions.
The extent to which a protein or peptide is proton-
ated in the gas phase can reveal important aspects of the
molecular structure [14] and reactivity. Protons gener-
ally reside on the side chains of the basic amino acids
(Lys, Arg, His) and on the N-terminal amino acid. The
extent of protonation observed in an ESI spectrum can
thus indicate the number and accessibility of those
amino acids in the protein.
Proton transfer reactions have been used to deduce
thermodynamic properties such as apparent gas-phase
basicity (GB), gas-phase acidity (GA), and proton affin-
ity (PA) for multiply charged molecules. Carr et al. [15]
measured the GAs of the various charge states of seven
small peptide ions using deprotonation reactions and
found that the intrinsic basicity of the protonation sites
has a large effect on the reactivity of the peptides. Gross
and Williams [16] determined the GB of the small cyclic
peptide Gramicidin S by examining deprotonation re-
actions of the [M 1 2H]21 charge state and obtained
information on the Coulomb energy and dielectric
polarizability.
There have been many suggestions about rules gov-
erning the maximum ESI observable charge state of
proteins and peptides. Covey et al. [17] suggested that
the maximum charge state should correspond to proto-
nation of all the basic sites (Arg, His, Lys) in the
peptide. Schneir et al. [18] used proton transfer reac-
tions and computer simulated models to estimate the
maximum charge state of a number of peptides and
suggested that the maximum charge state depended on
the relative apparent gas phase basicity (GB) of the
multiply protonated ion as well as that of the most basic
solvent molecule. According to the Schneir et al. model,
the solvent can strip a proton from the analyte mole-
cule, and some basic sites may not be protonated in the
observed maximum charge state. More measurements
of the apparent PAs of a variety of peptides are needed
to help evaluate whether or not charge stripping occurs.
For the multiply charged species formed in ESI,
proton affinities are determined not only by the intrin-
sic basicity of the site of protonation, but also by
coulombic repulsion between the protonated site and
adjacent charges. The distance between adjacent pro-
tonated sites and hence the magnitudes of successive
proton affinities are therefore determined in part by
higher order structure, and proton affinity measure-
ments may provide information on higher order struc-
ture in the gas phase. In this way proton transfer
reactions may provide insights into the persistence of
solution phase structure into the gas phase. Several
studies show that elements of higher order structure in
the solution phase are maintained in the gas phase [14,
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19–21]. For example, Smith et al. [20] has shown that
noncovalent complexes exist into the gas phase such as
heme-attached myoglobin. Data on other systems, how-
ever, show that the solution phase structure and gas
phase structure are not the same [22].
In the present study electrospray spectra and gas
phase proton transfer reactions of various charge states
of three model peptides H–(KAP)10–NH2, H–(KAP)8–
NH2, and H–(KAA)8–NH2 where K is lysine, A is
alanine, and P is proline were examined. These peptides
were chosen because they have closely parallel primary
structure but differences in secondary structure. Sec-
ondary structures were probed in solution by using
circular dichroism (CD) and 2D NMR. The results
support a random coil structure for the (KAP)10 and
(KAP)8 molecules and an a-helix for (KAA)8. The fact
that the protonation sites occur at regular intervals and
are all lysine side chains simplifies interpretation of the
results in terms of structural differences and coulombic
interactions.
The successive apparent proton affinities of these
peptides were studied by examining proton transfer
reactions of the various charge states of the peptides
with a series of bases of known PA. In addition to
experimentally determined apparent PA, a theoretical
calculation of the PA was made based on forcefield
calculated (INSIGHTII) structures of the protonated
peptide (see Figure 1). Both neutral and multiply pro-
tonated structures of the peptides were modeled. The
distances between the nitrogen atoms on the various
lysine side chains did not change significantly with
charge state. For (KAP)8 and (KAP)10 the random coil
structures shown are essentially the solution phase
structures. Two structures are shown for (KAA)8. The
compact a-helix structure is essentially the solution
phase structure. Also shown is an open b-structure for
(KAA)8. The b-structure provides a greater distance
between the charge sites and might be expected to be
preferred in multiply protonated gas phase species.
Comparison of the proton affinities calculated for these
various structures with experimental observations pro-
vided a means of drawing conclusions about the sec-
ondary structure of the protonated gas phase peptides.
Experimental
All mass spectrometric measurements were performed
on a Bruker Bioapex 70e Fourier transform ion cyclo-
tron resonance mass spectrometer (FT-ICR-MS) with a
7T magnet and an external Analytica electrospray
source. Mass spectra were obtained in the positive ion
mode with an electrospray capillary voltage of ;24
keV and a skimmer potential of 2–12 V. Typically,
spectra were collected over the m/z range 21–3200.
Sample solutions were infused into the electrospray
source via a Cole Parmer 74900 Series syringe pump at
a flow rate of 30 mL/h. Nitrogen gas heated to 245 °C
flowing at 3 L/min was utilized as the drying gas in the
electrospray unit.
The protonated ions from the electrospray were
accumulated in a rf only hexapole for 0.5–1 s before
being transferred to the FT-ICR-MS cell where they
were trapped. Trapping potentials were set between 1
and 2 V. The high proton affinity reference compounds
were introduced into the cell through a leak valve to
nominal pressures of 9.5 3 10210 to 6.0 3 1029 Torr.
Due to low signal intensity of the higher charge states
and increased likelihood for cross contamination by
other reference compounds using the leak valve, the
lower proton affinity reference compounds (PA , 190
kcal/mol) were introduced into the cell using a pulsed
valve. This raises the pressure rapidly to ;1026 Torr for
a short time before the reactant is pumped away and
minimizes effects of basic neutrals in the background
pressure. Reference compounds used were benzene
(PA 5 179.3 kcal/mol) [23], methanol (PA 5 180.3
kcal/mol) [23], ethanol (PA 5 185.6 kcal/mol) [23],
n-butanol (PA 5 188.6 kcal/mol) [23], 1,4 dioxane
(PA 5 190.6 kcal/mol) [23], acetone (PA 5 194.1 kcal/
mol) [23], ethyl ether (PA 5 198.0 kcal/mol) [23], n-
butyl ether (PA 5 202.1 kcal/mol) [23], isopropyl ether
(PA 5 204.5 kcal/mol) [23], pyrrole (PA 5 209.2 kcal/
mol) [23], 2-fluoropyridine (PA 5 211.4 kcal/mol) [23],
DMF (PA 5 212.1 kcal/mol) [23], butylamine (PA 5
220.2 kcal/mol) [23], pyridine (PA 5 222.3 kcal/mol)
[23], 2-methoxypyridine (PA 5 223.4 kcal/mol) [23], 3,5
lutidine (PA 5 228.3 kcal/mol) [23], 2,6 lutidine (PA 5
230.2 kcal/mol) [23], triethylamine (PA 5 234.7 kcal/
mol) [23], and tributylamine (PA 5 238.6 kcal/mol)
[23]. Reaction delays in the range 0.01–150 s were
employed to observe the ion–molecule reactions.
(KAP)10 was synthesized in-house on a prototype
Excell Automated Peptide Synthesizer. (KAP)8 was
purchased from Bio-synthesis and (KAA)8 was pur-
Figure 1. Minimized structures of (KAP)8, (KAA)8, and (KAP)10
from force field calculations using INSIGHTII and based on the
18, 16, 16 charge states, respectively. (KAA)8 has been modeled
as both an a structure and a b structure. The secondary structures
exhibited for (KAP)10 and (KAP)8 are a random coil and for
(KAA)8 an a-helix.
484 STERNER ET AL. J Am Soc Mass Spectrom 1999, 10, 483–491
chased from Genemed. The peptides were desalted and
the c-terminus amidated; no further purification was
performed. Protein solutions with a concentration of 10
mM were prepared in a 3:2 (v/v) MeOH/H2O solvent.
The pH of the sample solutions was between 4.5 and 6.5
and was measured by a Fisher Acumet Model 805 MP
pH meter with a standard gel-filled electrode. Lowering
the pH to as little as 2.5 (by addition of acetic acid or
trifluoroacetic acid) did not change the charge state
distribution. Increasing the pH to greater than 7 (by
addition of ammonium acetate) resulted in total loss of
signal. Changes in source conditions such as skimmer
or capillary voltages through the normal operating
range had little or no effect on the charge state distri-
bution.
All solution phase structures were characterized by
one dimensional and two dimensional 1H-NMR on a
Bruker DRX 400 NMR with a Silicon Graphics Indy
workstation. In addition solution phase structures were
confirmed using circular dichroism spectrometry on a
JASCO J-710 Spectropolarimeter.
Results and Discussion
From CD, (KAP)10 and (KAP)8 exhibit a minimum at
190 ° which is typical of a random coil. The (KAA)8 had
a maximum at 190 ° and two minima at 209 ° and 220 °
which exemplifies an a-helix [24]. By using 2D NMR
Wishart et al. [25] determined the secondary structure
of molecules based on their a-CH shifts. NMR results
support a random coil structure for (KAP)10 and (KAP)8
molecules and an a-helix for (KAA)8. In solution (pH ,
7) the maximum charge state, which represents the fully
protonated form of these species, is 10, 8, and 8 for
(KAP)10, (KAP)8, and (KAA)8, respectively.
The multiply protonated peptide ions were gener-
ated by electrospray ionization and analyzed using
FT-ICR-MS. The ESI spectrum of (KAP)10 is shown in
Figure 2(A). The highest charge state observed, 110,
corresponds to protonation of all the basic residues in
the molecule.
Each charge state of the peptide was exposed to
reference compounds for reaction times up to 150 s and
a spectrum of the proton transfer products obtained as
exemplified in Figure 2(B). In this instance the 18
charge state of (KAP)10 was isolated and allowed to
react in the FT-ICR-MS cell for 100 s with n-butyl ether
(PA 5 203.7 kcal/mol) [23]. The 18 charge state trans-
fers two protons to the n-butyl ether sequentially to
form the 17 and 16 charge states. Relative rate con-
stants for the proton transfer reactions were estimated
from the reaction time and the intensities of the ion
signals for the reactant and product charge states. It was
assumed that ion concentration was proportional to the
ratio of ion signal intensity to ion charge. Pressures
were obtained from cold cathode ionization gauge
readings using estimated relative gauge sensitivities
obtained by the method of Georgiadis and Bartmess
[26] and polarizabilities obtained by the method of
Miller and Savchik [27]. It was assumed in the case of
reference bases introduced by pulsed valves that the
effective product of pressure and reaction time de-
pended on the pressure in the pulsed valve reservoir
[28]. Even with their approximations these methods
generally revealed a break in the reactivity of the
various charge states as the basicity of the reference
base was increased. At some point the apparent relative
rate constant increased by an order of magnitude or
more. The PAs of the reference bases on either side of
this break were taken as the upper and lower limit on
the apparent PA of the charge state. An apparent PA for
each charge state equal to the average of the proton
affinities of the two “bracketing” bases was assigned for
(KAP)10, (KAP)8, and (KAA)8 as indicated in Tables 1, 2,
and 3 respectively.
In addition to experimental measurements of the
apparent proton affinities, theoretical values for the
proton affinities were calculated using the following
equation:
PA(MHn)
1n 5 PAlys 2 @Vr~MHn11!
1~n11!
2 Vr~MHn!
1n# (1)
where PA is proton affinity, n is the charge state of
interest, MH is the protonated molecular ion, and Vr is
the electrostatic repulsion. The proton affinity of lysine
was taken to be 241.1 kcal/mol [29]. Vr was calculated
in the following manner:
Vr 5 O
i,j
ZiZje
2
4peoDRij
(2)
where Z is the charge, eo is the permitivity of free space,
e is the charge on an electron, D is the dielectric
constant, and R is the distance between charges i and j.
The distances between the basic sites were determined
from structures of the peptides found using INSIGHTII.
A dielectric constant value of 2.2 was used in the
calculations for all the peptides. This value was chosen
since it is the lowest value to give calculated PAs for all
charge states of (KAP)10 and (KAP)8 within 10 kcal/mol
of the measured apparent PAs. Previous studies have
also found that this electrostatic model gives good
agreement with experimental apparent PAs when D 5
2.0 6 0.2 [5a, b]. The KAPs were used as the basis of
the dielectric constant assignment since they have less
structural flexibility than the (KAA)8 species and hence
Rij values can be assigned with more certainty. Al-
though hydrocarbon liquids tend to have a dielectric
constant of about 2, there is no quantitative, rigorous
physical model that dictates a value in that range. We
are operating on the assumption that since 2.2 works
well for the KAP species it is appropriate for the KAA
species.
Two observations from Tables 1–3 stand out: (1) the
experimental apparent PA decreases as the charge state
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Figure 2. (A) ESI-FTMS spectrum of (KAP)10 sprayed from a MeOH/H2O solution. Charge states
between 13 and 110 are observed. (B) ES spectrum of (KAP)10 where the 18 charge state has been
isolated and allowed to react for 100 s with n-butyl ether (PA 5 202.1 kcal/mol) [23]. The 18 charge
state transfers a maximum of two protons sequentially to n-butyl ether. The peak at m/z 390 is an
adduct of the n-butyl ether with the 18 charge state of (KAP)10.
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increases and (2) the apparent PA decrease for (KAP)8
and (KAP)10 can be matched well using the simple
electrostatic model described above. Comparison of the
electrostatic model and the (KAA)8 results is discussed
below. It is remarkable that electrostatic repulsion re-
duces the apparent PA in the higher charge states by as
much as 50 kcal/mol, but this general behavior is
consistent with other studies [4, 6, 30].
The value of the apparent proton affinities of multi-
ply charged ESI produced ions is thought to have
implications in the determination of the maximum
charge observed in the ESI spectrum. Schneir et al. [18]
have hypothesized that the maximum charge state
depends on the difference between the apparent PA of
the peptide molecule and on the PA of the most volatile
solvent. This hypothesis suggests that the ESI spectrum
of (KAP)10 in an isopropanol/water solution should not
include the 19 charge state because isopropanol has a
proton affinity 6 kcal/mol higher than the apparent PA
of the 19 charge state. However, as shown in Figure 3
an electrospray spectrum of (KAP)10 in a 60:40 (v/v)
isopropanol (PA 5 189.5 kcal/mol) [23]/H2O (PA 5
165.2 kcal/mol) [23] solvent shows a maximum charge
state of 110. Observation of the maximum charge state
of 10 is consistent with the presence of 10 basic residues
(lysines). This observation indicates that the PA of the
most volatile solvent does not appear to determine the
maximum charge state observed. It may be that the
maximum charge state observed is more dependent on
the PA of the less volatile solvent. As the droplet is
evaporating during the electrospray process, the more
volatile solvent is removed first. The droplet is then
composed of the less volatile component of the solvent
and the analyte molecule. In the isopropanol/water
example, the ions observed may escape from this resid-
ual droplet retaining their charge unless the less volatile
solvent is sufficiently basic to desolvate them. The PA of
H2O is approximately 20 kcal/mol lower than the PA of
the 110 charge state; consequently a proton transfer
from the (KAP)10 to H2O should not occur and the 110
charge state should survive to be observed. This is
consistent with observation as shown Figure 3.
Although the apparent PAs do not appear to deter-
mine the maximum charge state observed, they are
correlated with the average charge state. (KAP)8 and
(KAA)8 have the same number and type of potential
charge sites, but the successive apparent PAs tend to be
slightly lower for (KAA)8 than for (KAP)8. The average
difference is about 3.5 kcal/mol for charge state three
through six and tends to increase with charge state.
Figures 4 and 5 show the ESI spectrum of (KAP)8 and
(KAA)8. In both cases the charge state distributions
range from 18 to 13. Based solely on the range of
distributions there appears to be no difference between
the peptides, but examination of the peak intensities of
the various charge states does show a difference. In the
(KAP)8 spectrum the higher charge states are much
more predominant than in the (KAA)8 spectrum. Equa-
tion (3) gives an average charge state for each of the
peptides.
Average Charge State 5
O ~hi/ni!niO hi/ni (3)
Since the signal increases linearly with charge, the ratio
of the maximum signal intensity hi to charge number ni
is taken in eq (3) to be proportional to the concentration
of each charge state. The more basic (higher apparent
PAs) (KAP)8 exhibited an average charge state of 5.8
and the less basic (KAA)8 had an average of 4.8. Since
the major difference between these two peptides is their
secondary structure, the difference in basicity and in
average charge state suggests that some element of the
secondary structure is maintained in the gas phase. If
Table 1. Comparison of the calculated PA of various charge
states of (KAP)10 with experimentally determined values
Charge state
Calculated PA
(kcal/mol)
Experimental PA
(kcal/mol)
19 176.7 183.0 6 2.7
18 185.4 187.1 6 1.5
17 193.3 196.1 6 2.0
16 201.3 200.1 6 2.1
15 210.0 208.0 6 3.5
14 219.7 225.9 6 2.5
13 226.8 232.5 6 2.3
12 233.6 .238.6
11 239.5 .238.6
0 241.1 .238.6
Table 2. Comparison of the calculated PA with the
experimental apparent PA at the many charge states of (KAP)8
Charge state
Calculated PA
(kcal/mol)
Experimental PA
(kcal/mol)
17 183.4 187.1 6 1.5
16 193.2 200.1 6 2.1
15 202.1 210.3 6 1.1
14 211.9 217.2 6 5.1
13 223.5 223.4 6 11.3
12 231.0 .238.6
11 238.6 .238.6
0 241.1 .238.6
Table 3. Comparison of the calculated PA of the various
charge states of (KAA)8 with experimentally determined values
Charge state
Calculated PA
(kcal/mol)
b structure
Calculated PA
(kcal/mol)
a structure
Experimental PA
(kcal/mol)
17 196.9 169.8 ,202.1
16 204.6 180.5 200.1 6 2.1
15 212.9 191.8 206.9 6 2.4
14 219.9 208.3 210.3 6 1.1
13 225.2 216.7 217.2 6 5.1
12 233.3 227.3 229.3 6 1.0
11 239.1 237.0 .238.6
0 241.1 241.1 .238.6
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no secondary structure were maintained, then the av-
erage basicities and charge states should be similar
because the primary structures are similar.
Some degree of persistence of solution phase second-
ary structure into the gas phase is further suggested by
comparison of experimental apparent PAs calculated
for various structures of (KAA)8. In solution (KAP)8 has
a random coil structure and (KAA)8 has an a-helix
structure. These structures are shown in Figure 1 to-
gether with an open b structure for (KAA)8. The a-helix
structure for (KAA)8 is a compact structure held to-
gether by hydrogen bonds between every fourth resi-
due. The charge sites, the lysine side-chains, are rela-
tively close together in that structure. In the more open
b structure the charge sites are farther apart. PAs,
calculated from eqs (1) and (2), for the various charge
states of both structures of (KAA)8 are given in Table 3
and are plotted in Figure 6. The low charge states of
(KAA)8 have apparent PAs that match the PAs calcu-
lated for the compact a-helix structure. The highest
charge states have PAs that match the more open b
structure. This suggests that the lower charge states of
(KAA)8 retain the solution phase a-helix structure while
the higher charge states open up to a b structure,
sacrificing the hydrogen bonds in favor of reducing the
electrostatic repulsion between the charges. The solu-
tion phase random coil structure of (KAP)8, however, is
apparently maintained in the gas phase by the inflexi-
bility of the proline.
In addition to secondary structure, the number of
amino acids in the chain influences the apparent PA of
the peptides. (KAP)10 and (KAP)8, for example, differ
only in the number of KAP units they contain. Tables 1
and 2 show that for the same charge state the smaller
peptide has a lower experimental apparent PA than the
larger peptide. The maximum charge states of (KAP)10
and (KAP)8 have similar electrostatic repulsions be-
tween protonation sites. Hence, the 19 charge state in
(KAP)10 and the 17 charge state in (KAP)8 have similar
apparent PAs (183.0 6 2.7 and 187.1 6 1.5 kcal/mol,
respectively). For the maximum charge states the mol-
ecules have every basic site protonated so coulombic
repulsions are at a maximum and cannot be reduced by
moving a proton to a basic site farther away on the
molecule. For a given lower charge state however, the
Figure 3. ESI-FTMS spectrum of (KAP)10 sprayed from an isopropanol/H2O solution. Conditions are
similar to those in Figure 2(A). The charge state distribution ranges from 13 to 110.
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charges on (KAP)10 can be distributed at greater dis-
tances from one another than they can on (KAP)8.
One of the most important factors involved in calcu-
lating the theoretical values of the PAs is choice of a
dielectric constant. In the case of (KAP)10, (KAP)8, and
(KAA)8 a dielectric constant of 2.2 was used, since use
of this value fits the (KAP)x experimentally determined
proton affinities best. This is consistent with values of
the dielectric constant found to give good agreement
with apparent PAs of Williams and Clemmer [5a, b].
However, on the basis of ab intio calculations on model
small systems, Gronert [31] suggests that a dielectric
constant of 1 might be generally appropriate. A dielec-
tric constant of 1 in the present cases would give PAs
much smaller than the observed values. It may be that
the empirical value of the dielectric constant accounts
for kinetic effects that determine the apparent PA. The
repulsion between the positively charged products of
proton transfer results in the release of some of the
energy of reaction as kinetic energy of the products.
Unless the exothermicity of the reaction exceeds the
required kinetic energy release, the reaction will have
an activation barrier. To the extent that this barrier is
important, it has the effect of increasing experimental
apparent PAs and increasing the empirical dielectric
constant required to give agreement between the appar-
ent PAs and the calculated PAs. To measure the true
proton affinity the height of this barrier must be deter-
mined and the value subtracted from the apparent
value [27, 32]. Once the barrier is known a true proton
affinity can be determined. Experiments to measure this
barrier are being undertaken in our lab.
Conclusion
The apparent proton affinities of various charge states
of three highly basic peptides have been measured. In
general for all three peptides the apparent proton
affinities decrease with increasing charge state. The
magnitude of the decrease is consistent with an increase
in coulombic repulsion in the highly protonated spe-
cies, and a simple electrostatic model gives apparent
PAs in quite good agreement with experiments. The
maximum possible charge state is observed in all three
cases even when the most volatile solvent component is
sufficiently basic to deprotonate that charge state in the
gas phase.
The difference in solution secondary structure be-
Figure 4. Electrospray spectrum of (KAP)8 under standard conditions. The charge states between 18
and 13 can be discerned.
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tween (KAP)8 and (KAA)8 is reflected in the PA mea-
surements. Comparison of measured and calculated
apparent PAs suggests that (KAP)8 retains its solution
random coil structure in the gas phase and (KAA)8
retains the solution compact a-helix structure in the
lower charge states in the gas phase but opens up to a
b structure in higher charge states in the gas phase to
minimize electrostatic repulsion. A difference in aver-
age charge state between (KAP)8 and (KAA)8 is also
consistent with the difference in secondary structure of
the two species.
The difference in size between (KAP)8 and (KAP)10 is
reflected in the difference in the apparent PAs of the
various charge states of the two species. (KAP)10 is more
basic which is consistent with the electrostatic repulsion
model.
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Figure 5. ESI spectrum of (KAA)8 showing a charge state distribution of 18 to 13. The average
charge state is 5.0.
Figure 6. Graph of the experimental proton affinity and calcu-
lated proton affinities of (KAA)8 versus charge state. The dielectric
constant used was 2.2 for the theoretical values. The calculated a
structure corresponds to an a-helix and the b structure to a more
random structure.
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